Plant somatic cells can be reprogrammed by in vitro tissue culture methods, and massive genome-wide chromatin remodeling occurs, particularly during callus formation. Since callus tissue resembles root primordium, conversion of tissue identity is essentially required when leaf explants are used. Consistent with the fact that the differentiation state is defined by chromatin structure, which permits limited gene profiles, epigenetic changes underlie cellular reprogramming for changes to tissue identity. Although a histone methylation process suppressing leaf identity during leaf-to-callus transition has been demonstrated, the epigenetic factor involved in activation of root identity remains elusive. Here, we report that JUMONJI C DOMAIN-CONTAINING PROTEIN 30 (JMJ30) stimulates callus formation by promoting expression of a subset of LATERAL ORGAN BOUNDARIES-DOMAIN (LBD) genes that establish root primordia. The JMJ30 protein binds to promoters of the LBD16 and LBD29 genes along with AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 and activates LBD expression. Consistently, the JMJ30-deficient mutant displays reduced callus formation with low LBD transcript levels. The ARF-JMJ30 complex catalyzes the removal of methyl groups from H3K9me3, especially at the LBD16 and LBD29 loci to activate their expression during leaf-to-callus transition. Moreover, the ARF-JMJ30 complex further recruits ARABIDOPSIS TRITHORAX-RELATED 2 (ATXR2), which promotes deposition of H3K36me3 at the LBD16 and LBD29 promoters, and the tripartite complex ensures stable LBD activation during callus formation. These results indicate that the coordinated epigenetic modifications promote callus formation by establishing root primordium identity.
INTRODUCTION
In higher eukaryotes, somatic cells can undergo cellular reprogramming to convert their differentiated cell fate into pluripotency. The milestone discovery of induced pluripotent stem (iPS) cells provided an invaluable insight into the genetic contribution to cellular reprogramming in animals (Takahashi and Yamanaka, 2006) . Several transcriptional regulators, including Oct4 (Pou5f1), Sox2, cMyc and Klf4, are known to drive changes in cell fate (Takahashi and Yamanaka, 2006) . The advances in iPS cell derivation shed new light on the remarkable capability of plants to facilitate cellular reprogramming. Although plants have long been known for their simple and robust callus formation process, which is the basis of an in vitro tissue culture technique (Sugimoto et al., 2011) , the underlying molecular mechanisms are just starting to emerge.
In Arabidopsis, a few transcription factors have been identified as key regulators of callus formation. LATERAL ORGAN BOUNDARIES DOMAIN (LBD) transcription factors promote cell division activity, possibly by activating the E2F TRANSCRIPTION FACTOR 3a (E2Fa) gene and thus accelerating callus formation Ikeuchi et al., 2013) . Also, upon environmental challenges such as wounding and/or herbivore attack, the WOUND-INDUCED DEDIFFERENTIATION 1 (WIND1) transcription factor is responsible for pluripotent callus formation and follow-up tissue regeneration by regulating cytokinin signaling (Iwase et al., 2011) .
Callus tissues induced by incubation on callus-inducing medium (CIM) are known to have physical and genetic features similar to lateral root primordium (Sugimoto et al., 2010) . Hence, when leaf explants are used for callus formation (He et al., 2012) it is most likely that leaf-to-root identity transition occurs during callus induction. Given that differentiated tissue identity is established by limited gene profiles guided by a complicated chromatin configuration (Chen and Dent, 2014) , epigenetic reprogramming would be a fundamental part of callus formation. As an intriguing example, deposition of Polycomb Repressive Complex 2 (PRC2)-mediated histone 3 lysine 27 trimethylation (H3K27me3) stimulates callus formation from leaf explants (He et al., 2012) . The PRC2 protein enables the elimination of leaf characteristics by massively suppressing leaf identity genes including SAWTOOTH 1 (SAW1), SAW2 and TCP DOMAIN PROTEIN 10 (TCP10) to efficiently facilitate leafto-callus cell fate transition (He et al., 2012) . Consistently, PRC2 has a negligible role in root-derived callus formation on CIM (He et al., 2012) . It seems obvious that suppression of leaf identity would be followed by activation of root identity to ensure callus formation on CIM, but the underlying epigenetic mechanisms remain to be fully elucidated.
JUMONJI C DOMAIN-CONTAINING (JMJ) proteins are known to act as histone demethylases (Lu et al., 2008) . The JmjC domain is the catalytic region that facilitates Lys demethylation through an oxidative reaction that requires Fe(II) and a-ketoglutarate as cofactors (Lu et al., 2008) . Eukaryotic JMJ proteins generally have a broad spectrum of substrate preference, regardless of residue position and the number of methyl groups (Chen et al., 2013) . The Arabidopsis genome encodes 21 JmjC proteins, which are categorized into five groups: the KDM5/JARID1, KDM4/ JHDM3/JMJD2, KDM3/JHDM2, JMJD6 and JmjC domainonly groups (Hong et al., 2009; Liu et al., 2010) . These proteins are involved in diverse developmental processes in plants, including flowering, the circadian clock and seed germination, with a wide spectrum of target substrates Lu et al., 2011; Cho et al., 2012) .
The JMJ30/JUMONJI DOMAIN CONTAINING 5 (JMJD5) protein, a member of the JmjC domain-only subgroup, is a well-studied epigenetic enzyme (Jones et al., 2010; Jones and Harmer, 2011) . This protein is necessary to maintain circadian oscillation, possibly by regulating diurnal histone modifications at core clock gene promoters including CIR-CADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELON-GATED HYPOCOTYL (LHY) (Lu et al., 2011) . In addition, the JMJ30 protein is also implicated in temperature-dependent flowering responses. JMJ30 removes the H3K27me3 mark at the FLOWERING LOCUS C (FLC) promoter and prevents precocious flowering at high ambient temperatures (Gan et al., 2014) . Here, we report that the JMJ30 protein also plays a crucial role in callus formation in Arabidopsis. JMJ30 transcriptionally activates the LBD genes, which establish root primordia (Okushima et al., 2007) , and accordingly promotes callus formation from leaf explants on CIM. JMJ30 binds primarily to the promoters of the LBD16 and LBD29 genes together with ARF7 and ARF19, and removes the repressive H3K9me3 mark from the promoters. Moreover, the ARF-JMJ30 complex interacts with ATXR2, which catalyzes H3K36me3 at the LBD16 and LBD29 promoters (Lee et al., 2017) , ensuring chromatindependent activation of LBD genes in calli. These observations suggest that coordinated histone modifications trigger transitions of tissue identity.
RESULTS

Reduced callus formation of jmj30 leaf explants
To gain an idea of the molecular components involved in epigenetic regulation of callus formation we examined a list of genes differentially expressed in calli compared with leaf tissues, as obtained by RNA sequencing (RNA-Seq) (Lee et al., 2016) . Among the chromatin modifier genes in the list we decided to focus on the JMJ30 gene, as its genetic and biochemical functions have been extensively investigated (Gan et al., 2014; Yan et al., 2014) . To validate the previous RNA-Seq data (Lee et al., 2016) , we analyzed the accumulation of JMJ30 transcript during callus formation. The third rosette leaf was used to induce calli on CIM, and leaf-derived callus samples were harvested at 1-to 3-day intervals after incubation on CIM. Quantitative realtime RT-PCR (RT-qPCR) analysis revealed that the JMJ30 gene was upregulated in calli relative to leaves, and expression gradually increased as callus formation progressed ( Figure S1 in the online Supporting Information).
To determine the role of JMJ30 in the early steps of cellular reprogramming, we obtained two T-DNA insertional mutants, jmj30-2 and jmjd5-1, and examined callus formation rates on CIM. Leaf explants of the jmj30-deficient mutants displayed reduced callus formation compared with wild-type leaf explants on CIM (Figure 1a) , which was possibly caused by reduced cell proliferation at later stages. Measurements of fresh weight showed that callus size was reduced by 15% in leaf explants of jmj30-2 and jmjd5-1 mutants relative to the wild type (Figure 1b) .
The Arabidopsis genome contains a JMJ30 paralog, JMJ32 (Gan et al., 2014) . To evaluate the function of JMJ32 in callus formation, we also obtained the jmj32-1 loss-of-function mutant and examined its callus formation capability. Upon CIM incubation, callus formation of jmj32-1 leaf explants was comparable to that of the wild type ( Figure S2 ). Furthermore, transcript accumulation of JMJ32 was not significantly influenced during callus formation ( Figure S2 ), ruling out the possibility that JMJ32 redundantly regulates callus formation. These results imply that JMJ30 positively regulates callus formation.
LBD genes were downregulated in jmj30-2 calli Since JMJ30 appears to be a positive regulator of callus formation, we wanted to further examine the molecular web connected to JMJ30. For this purpose, we analyzed the expression profiles of genes involved in callus formation in wild-type and jmj30-2 calli, including ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1), BABY BOOM (BBM), LBDs, LEAFY COTYLEDON 1 (LEC1), RWP-RK DOMAIN CONTAINING 1 (RKD1), RKD2 and WIND1 (Ikeuchi et al., (a) Callus formation. Leaf explants from the third leaves of 2-week-old plants were used to induce calli on callus-inducing medium (CIM) (n > 30). Plates were incubated for up to 2 weeks under continuous dark conditions and photographed. Scale bars = 5 mm. DAC, days after incubation on CIM. (b) Fresh weight measurement. Thirty calli dissected from leaf explants were collected at 14 DAC to measure fresh weight. Three independent measurements were averaged. Statistically significant differences between wild-type and mutant calli are indicated by asterisks (Student's t-test, *P < 0.05). Bars indicate the standard error of the mean. 2013). Among the genes examined, transcript accumulation of LBD16, LBD17, LBD18 and LBD29 was significantly reduced in jmj30-deficient mutant calli compared with the wild type (Figure 2a) .
We also monitored time-course expression of the LBD genes during callus formation. They were transiently increased and showed the highest transcript levels at 4 days after incubation on CIM (DAC) during leaf-to-callus transition (Figures 2a and S3) . However, LBD expression was significantly reduced in jmj30-2 calli at 4 DAC (Figures 2a and S3 ). We asked whether JMJ30 specifically regulates this subset of LBDs in the control of callus formation. Other LBDs involved in other biological processes were also analyzed (Thatcher et al., 2012; Kim et al., 2015) and, as expected, the LBD10 and LBD20 genes were unaffected by the JMJ30 mutation ( Figure S4 ), suggesting that the LBD genes specifically involved in lateral root initiation and callus formation are the primary targets of JMJ30.
Since JMJ30 is a chromatin modifier, it is probable that JMJ30 binds directly to target loci. To test whether JMJ30 binds to the LBD promoters, we obtained 35S:JMJ30-HA and pJMJ30::JMJ30-HA/jmj30-2 transgenic plants (Gan et al., 2014) for use in chromatin immunoprecipitation (ChIP). The DNA eluted after ChIP using an anti-hemagglutinin (anti-HA) antibody was analyzed by quantitative PCR (qPCR) assays. Notably, the JMJ30 protein bound mainly to two loci, LBD16 and LBD29, especially at the promoter regions (Figure 2b ,c; see also Figure S5 ), but not to the LBD17 and LBD18 loci (Figure 2b,c) . The LBD16 and LBD29 transcription factors might indirectly affect expression of LBD17 and LBD18, accounting for reduction of all four LBD genes in jmj30-2 mutant calli (Figure 2a) . Furthermore, binding of JMJ30 to the LBD16 and LBD29 loci occurs particularly at 2-4 DAC (Figure 2d ).
To confirm that JMJ30 directly activates expression of LBD16 and LBD29, we performed transient expression assays using Arabidopsis protoplasts. The LBD16 and LBD29 promoters were subcloned into the reporter construct, and this construct was co-transformed with the effector construct expressing 35S:JMJ30 into Arabidopsis protoplasts. Co-expression of these constructs significantly increased the GUS activity by 30%, while control empty vectors did not promote GUS activity (Figure 2e ). These results indicate that JMJ30 promotes LBD expression by binding directly to gene promoters during callus formation.
JMJ30 removes H3K9me3 at the LBD promoters
The JMJ proteins catalyze removal of methyl groups on histone proteins and usually have broad substrate selectivity (Lu et al., 2008) . The Arabidopsis JMJ30 protein is known to globally regulate H3K27me3 levels (Gan et al., 2014) and also affect local accumulation of other epigenetic marks such as H3K36me2/me3 (Yan et al., 2014) . Thus, we examined which epigenetic mark is mainly regulated at the LBD loci by JMJ30 during callus formation. Since JMJ30 positively regulates transcript levels of the LBD genes (Figure 2a) , we hypothesized that a repressive mark is targeted for removal by JMJ30 (Schmitz et al., 2008; Yu et al., 2008; Lafos et al., 2011) . We conducted ChIP assays using anti-H3K9me3 and anti-H3K27me3 antibodies. The ChIP-qPCR analysis revealed that H3K9me3 levels at the LBD16 and LBD29 loci, where JMJ30 was targeted (Figure 2c ), were significantly elevated in jmj30-2 calli relative to wild-type calli (Figure 3a) , while H3K27me3 levels were unchanged ( Figure 3b ).
We further examined the kinetics of H3K9me3 accumulation during leaf-to-callus transition. The ChIP-qPCR analysis provided support that levels of the H3K9me3 modification transiently declined at initial stages of callus induction from 0 to 4 DAC in the wild type ( Figure 3c ). However, the reduction of H3K9me3 deposition at the LBD promoters was impaired in jmj30-2 mutant calli especially at the time points of 2-4 DAC (Figure 3c ), indicating that JMJ30 removes H3K9me3 at the LBD loci to activate gene expression at the early steps of callus formation.
JMJ30 physically associates with ARF7 and ARF19
Although JMJ30 is a chromatin-associated chromatin modifier, this protein does not have DNA-binding selectivity by itself. Hence, JMJ30 requires additional DNA-binding factor(s) to specify target promoter regions (Yan et al., 2014) . It was noteworthy that the LBD genes are auxin signaling components regulated by the ARF7 and ARF19 transcription factors (Okushima et al., 2007) . The ARF transcription factors directly bind to the LBD16 and LBD29 promoters and affect LBD expression, consistent with the binding capacity of JMJ30 (Figure 2c ). Moreover, the ARF proteins influence cell fate changes, and accordingly, the arf7-1arf19-2 mutant displays reduction of callus formation (Lee et al., 2017) . Therefore, we hypothesized that the ARF transcription factors may recruit JMJ30 and facilitate chromatin modification at associated chromatin regions.
To test this hypothesis, the in vivo interactions of JMJ30 and ARFs were examined by bimolecular fluorescence complementation (BiFC) analysis using Arabidopsis protoplasts. The JMJ30-nYFP and ARF-cYFP fusion constructs were transfected into Arabidopsis protoplasts. Indeed, strong yellow fluorescence was detected for the ARF7-JMJ30 and ARF19-JMJ30 combinations ( Figure 4a ). To further support the in vivo interactions between ARFs and JMJ30, we also performed co-immunoprecipitation (Co-IP) assays using Nicotiana benthamiana cells agroinfiltrated with 35S:JMJ30-MYC and 35S:ARF-GFP fusion constructs. Full-length ARF proteins were not efficiently expressed in N. benthamiana, possibly owing to their large size. As an alternative, we designed fragments of ARF proteins fused with GFP and used them to test physical interactions with JMJ30 ( Figure 4b ). The Co-IP analysis revealed that both 
Relative GUS activity (a) The quantitative real-time RT-PCR (RT-qPCR) analysis. Leaf explants from the third leaves of 2-week-old plants were used to induce calli on callus-inducing medium (CIM). Plates were incubated for the indicated time period (days) under continuous dark conditions. Immature callus tissues were dissected from leaf explants for RT-qPCR analysis. The eIF4A gene (At3g13920) was used as an internal control. Three independent biological replicates were averaged. Statistically significant differences between the wild-type and mutant calli (Student's t-test, *P < 0.05) are indicated by asterisks. Bars indicate the standard error of the mean. DAC, days after incubation on CIM.
(b) Promoter analysis of LBD genes. The black rectangles represent exons. Black underbars indicate the regions amplified by qPCR after chromatin immunoprecipitation (ChIP). (c, d) The ChIP assays. Leaf explants from the third leaves of 2-week-old 35S:JMJ30-HA (c) and pJMJ30:JMJ30-HA/jmj30-2 (d) plants were used to induce calli on CIM. In (c), plates were incubated for 4 days under continuous dark conditions. In (d), enrichment of promoter regions was analyzed by ChIP-qPCR. The genomic regions, B and L in the LBD16 and LBD29 promoters (Figure 2b) , respectively, were analyzed by ChIP-qPCR. Three independent biological replicates were averaged and statistically analyzed with Student's t-test (*P < 0.05). Bars indicate the standard error of the mean. (e) Transient expression assays. The core cis-elements on the LBD promoters were constructed into the reporter plasmid. The recombinant reporter and effector constructs were coexpressed transiently in Arabidopsis protoplasts, and GUS activities were determined. Luciferase gene expression was used to normalize the GUS activities. The normalized values in control protoplasts were set to 1 and represented as relative activation. Three independent biological replicates were averaged and statistically analyzed with Student's t-test (*P < 0.05). Bars indicate the standard error of the mean.
N-terminal and C-terminal regions of ARFs were responsible for interactions with JMJ30 (Figure 4c,d) . Two distant regions might be close in protein folding structure and participate in complex formation with JMJ30, as suggested in other studies (Jang et al., 2010) . These observations indicate that the interactions between JMJ30 and ARFs underlie LBD activation and thus callus induction.
ARFs are required for JMJ30 action
The JMJ30 protein mainly removes H3K9me3 from the LBD16 and LBD29 promoters. To further support the functional association of JMJ30 with ARFs, we examined whether H3K9me3 levels are also affected in arf7-1arf19-2 calli. Indeed, H3K9me3 levels at the LBD loci were significantly increased in arf7-1arf19-2 calli during the early stages of callus formation (Figure 5a,b) . However, H3K27me3 levels were unchanged ( Figure S6 (c) To confirm the epistasis of LBDs to JMJ30 in callus formation, the jmj30-2 mutant was crossed with LBD16-ox transgenic plants (Figure 2b) , respectively, were analyzed by ChIP-qPCR. Three independent biological replicates were averaged. Statistically significant differences between the wild-type and mutant calli (Student's t-test, *P < 0.05) are indicated by asterisks. Bars indicate the standard error of the mean.
(c) Binding of JMJ30 to the LBD promoters in arf7-1arf19-2 background. Leaf explants from the third leaves of 2-week-old plants were used to induce calli on CIM. Plates were incubated for 4 days under continuous dark conditions. The genomic regions, B and L in the LBD16 and LBD29 promoters (Figure 2b ), respectively, were analyzed by ChIP-qPCR. Three independent biological replicates were averaged. Different letters represent a significant difference at P < 0.05 (oneway ANOVA with Fisher's post hoc test). Bars indicate the standard error of the mean. EV, empty vector.
and S7), whereas enhanced callus formation was observed in leaf explants of LBD16-ox transgenic plants ( Figure S7 ). Callus formation of LBD16-ox/jmj30-2 was comparable to that of LBD16-ox ( Figure S7 ), demonstrating that LBDs are epistatic to JMJ30 during callus formation.
Coordinated actions of JMJ30 and ATXR2
It has been recently reported that ATXR2 promotes callus formation by stimulating the deposition of H3K36me3 at the LBD16 and LBD29 promoters in developing calli (Lee et al., 2017) . Considering that ATXR2 binds the ARF transcription factors and that the JMJ30 and ATXR2 proteins have the same binding capacity to the LBD promoters (Lee et al., 2017) , JMJ30 may also work with ATXR2. To test this hypothesis, we examined physical interactions of JMJ30 and ATXR2. The GAL4 AD-JMJ30 and GAL4 BD-ATXR2 fusion constructs were co-expressed in yeast cells. Growth of yeast cells on synthetic defined dropout (SD)/-Leu/-Trp/ -His/-Ade (-LWHA) medium showed that JMJ30 physically interacts with ATXR2 ( Figure 6a ). To validate the protein interaction in vivo, we performed BiFC assays. Yellow fluorescence was clearly detected when ATXR2-nYFP and JMJ30-cYFP constructs were co-expressed (Figure 6b ). Furthermore, in planta interactions of JMJ30 and ATXR2 were also verified by Co-IP assays after co-infiltration of 35S: JMJ30-MYC and 35S:ATXR2-GFP fusion constructs into N. benthamiana leaves (Figure 6c ). We then asked whether JMJ30 and ATXR2 are mutually required for LBD regulation. We examined H3K36me3 levels at the LBD promoters in the jmj30-2 mutant and found that increase of H3K36me3 levels at the LBD16 and LBD29 promoters during leaf-to-callus transition was impaired in jmj30-2 calli (Figure 7a ). Likewise, H3K9me3 levels at the LBD promoters were also influenced by atxr2-1 mutation (Figure 7b ). In atxr2-1 calli, decrease in H3K9me3 at the LBD16 and LBD29 promoters was inhibited (Figure 2b) , respectively, were analyzed by chromatin immunoprecipitation (ChIP)-qPCR. Statistically significant differences between wild-type and mutant calli (Student's t-test, *P < 0.05) are indicated by asterisks. DAC, days after incubation on CIM. (a) H3K36me3 accumulation at the LBD promoters in jmj30-2. (b) H3K9me3 accumulation at the LBD promoters in atxr2-1. (c) Callus formation of jmj30-2xatxr2-1 leaf explants. Leaf explants from the third leaves of 2-week-old plants were used to induce calli on CIM (n > 30). Plates were incubated for 2 weeks under continuous dark conditions and photographed. Scale bars = 5 mm. (d) Fresh weight measurement. Thirty calli were collected to measure fresh weight. Three independent measurements were averaged. Different letters represent a significant difference at P < 0.05 (one-way ANOVA with Fisher's post hoc test). Bars indicate the standard error of the mean. (e) Expression of LBDs in jmj30-2xatxr2-1 calli. Leaf explants from the third leaves of 2-week-old plants were used to induce calli on CIM. Plates were incubated for 4 days under continuous dark conditions. The eIF4A gene (At3g13920) was used as an internal control. Three independent biological replicates were averaged. Different letters represent a significant difference at P < 0.05 (one-way ANOVA with Fisher's post hoc test). Bars indicate the standard error of the mean. (f) Working models of the JMJ30-ARF complex in cellular reprogramming. JMJ30 activates the LBD genes to accelerate callus formation from leaf explants. LBD genes are suppressed with H3K9me3 in leaf tissues, and JMJ30 binds primarily to LBD16 and LBD29 promoters and removes the repressive H3K9me3 mark from the promoters, together with ARF7 and ARF19. The ARF-JMJ30 complex further recruits ATXR2, which catalyzes H3K36me3 at LBD16 and LBD29 promoters to ensure stable LBD activation and thus efficient cellular reprogramming. (Figure 7b ). These results suggest that JMJ30 and ATXR2 are mutually required for LBD activation, and two epigenetic marks, H3K9me3 and H3K36me3, at the LBD16 and LBD29 promoters are simultaneously regulated by the ARF-JMJ30-ATXR2 complex to stably activate gene expression during leaf-to-callus transition.
To confirm the genetic interactions between JMJ30 and ATXR2, we generated jmj30-2xatxr2-1 plants and used them to examine callus formation capability. The jmj30-2 and atxr2-1 single mutants exhibited a lower capacity for callus formation compared with the wild type (Figure 7c,d) . Notably, callus formation in the jmj30-2xatxr2-1 double mutant was further reduced compared with jmj30-1 and atxr2-1 single mutants (Figure 7c,d) . LBD expression was also consistent with the callus formation capability (Figure 7e) , indicating synergistic interaction between JMJ30 and ATXR2 in the control of callus formation.
Taken together, JMJ30 histone demethylase enhances callus formation by activating the LBD genes. The LBD genes are activated upon callus induction in a chromatindependent manner to promote the transition of tissue identity. The ARF-JMJ30 complex binds to and activates the LBD genes by removing the H3K9me3 mark from the promoters during callus formation. Furthermore, JMJ30 is functionally linked to ATXR2, and two epigenetic marks, H3K9me3 and H3K36me3, at the LBD promoters are coregulated. During leaf-to-callus transition, the repressive H3K9me3 mark declines and concomitantly, the active H3K36me3 mark increases to stably activate LBD expression. The ARF-JMJ30-ATXR2 tripartite protein complex plays a fundamental role in cell fate changes that promote the conversion of tissue identity through epigenetic coordination, at least at the LBD loci (Figure 7f ).
DISCUSSION
Histone modification and callus formation
Accumulating evidence suggests that chromatin-dependent gene regulation is a key molecular scheme underlying reversible cellular differentiation/dedifferentiation in higher eukaryotes, which requires massive genome-wide gene reprogramming Lee et al., 2016) . To date we know that histone modification acts as a main molecular switch of these reversible cell identity changes.
Consistent with the fact that the PRCs were first identified with ectopic organ formation in Drosophila (Costa and Shaw, 2007) , Arabidopsis PRC2 primarily functions in the maintenance of various cell identities by stably repressing embryonic and meristematic programs. Spontaneous callus formation is frequently observed in early seedlings of genetic mutants of PRC2 components (Chanvivattana et al., 2004; Schubert et al., 2005; Bouyer et al., 2011) . The Arabidopsis PRC1 components AtBMI1A and AtBMI1B also play similar roles in the maintenance of differentiated cell state (Bratzel et al., 2010) . Overall, PRC-mediated deposition of the H3K27me3 and H2AK119ub marks is responsible for repression of embryonic and meristematic regulators (Bratzel et al., 2010; Bouyer et al., 2011) . Chromatin modifiers often require transcription factors to ensure target gene expression in a spatiotemporally controlled manner (Ryu et al., 2014; Kim et al., 2016) . The functions of PRC are also shaped by DNA-associated proteins. The AtBMI1 proteins interact with a B3 domain transcription factor VP1/ABI3-LIKE1 (VAL1)/HIGH-LEVEL EXPRRESSION OF SUGAR-INDUCIBLE GENE2 (HSI2) to properly repress LEC1 and LEC2 (Yang et al., 2013) .
In addition, the PICKLE (PKL) protein, a chromodomainhelicase-DNA binding 3 (CHD3) and CHD4-like ATP-dependent chromatin remodeling factor, contributes to the maintenance of differentiation state and represses cellular dedifferentiation in association with histone deacetylase and histone methyltransferase activities (Furuta et al., 2011) . The pkl mutants stimulate spontaneous callus formation and also show reduced H3K27me3 and elevated H3ac levels at the LEC1 and LEC2 loci, derepressing callus formation (Ogas et al., 1997 (Ogas et al., , 1999 Zhang et al., 2008 Zhang et al., , 2012 Furuta et al., 2011) .
This study further supports the essential roles of histone modification in cell fate changes. As-yet-unknown Su(var)-like proteins may facilitate the deposition of H3K9me3 at the LBD genes to suppress root primordium identity in aerial tissues. Upon callus induction, leaf explants undergo substantial cell fate changes into root primordium-like tissues (Sugimoto et al., 2010) , and JMJ30 triggers this process by removing methyl groups from H3K9me3 at the LBD promoters in order to activate the LBD genes. The JMJ30 protein is guided specifically to the LBD promoters through physical interaction with ARF7 and ARF19. JMJ30 and ARF transcription factors are functionally coordinated to properly address epigenetic modification at the LBD loci. Moreover, ATXR2 is further recruited, which promotes callus formation through activation of the LBD genes by means of H3K36me3 deposition (Lee et al., 2017) . Antagonistic accumulation of two epigenetic marks, H3K9me3 and H3K36me3, is simultaneously regulated at LBD promoters with the help of ARF transcription factors, and the JMJ30 and ATXR2 proteins are indeed interdependent on stable LBD activation and thus callus formation. Taken together, massive epigenetic networks underlie cell fate transition, and their combinatorial interactions further facilitate delicate control of callus formation.
Activation of lateral root pathways during callus formation
Callus tissues are not truly dedifferentiated stem cell-like tissues but resemble lateral root primordia establishing pluripotency (Sugimoto et al., 2010) . Key marker genes of root meristem development and lateral root initiation, such as PLETHORA 1 (PLT1), SCARECROW (SCR), SHORT ROOT (SHR) and WUSCHEL RELATED HOMEOBOX 5 (WOX5), are activated during the early stages of callus formation (Sugimoto et al., 2010) , supporting the similarity between lateral root meristem and callus tissues. Furthermore, genetic pathways underlying lateral root initiation are also implicated in callus formation. The aberrant lateral root formation 4 (alf4) mutants, which display defects in lateral root emergence (DiDonato et al., 2004) , block callus formation (Sugimoto et al., 2010) . Meanwhile, disruptions in later stages of lateral root development do not substantially influence callus formation (Sugimoto et al., 2010) , indicating the intimate connections between callus formation and lateral root initiation.
Although establishing root identity is fundamental for callus formation, plant aerial tissues can also efficiently induce calli (Sugimoto et al., 2010) . Accumulating evidence has supported that stepwise chromatin remodeling is essential for changes in tissue identity. As a first step, elimination of leaf identity occurs during callus formation (He et al., 2012) . Leaf identity genes are suppressed with dense accumulation of H3K27me3 marks at the beginning of leafto-callus transition (He et al., 2012) , resulting in accelerated callus induction on CIM. Consistently, the clfswn mutants display impaired callus formation with derepression of leaf identities (He et al., 2012) .
Subsequently, epigenetic activation of lateral root identity is required for stable callus formation. Auxin-inducible LBD genes involved in pericycle activation and lateral root initiation are crucial for callus formation . Transcript accumulation of the LBD genes is substantially elevated during callus development , and explants of transgenic plants overexpressing LBD genes display an enhanced callus formation capability, possibly by establishing pluripotency of pericycle-like cells . JMJ30-dependent H3K9me3 demethylation further ensures transcriptional activation of the LBD genes and thereby callus formation. Notably, JMJ30 further interacts with ATXR2, which confers deposition of H3K36me3 at the LBD loci. In the course of leaf-to-callus transition, the LBD16 and LBD29 genes are stably activated with antagonistic changes in deposition of two chromatin marks, H3K9me3 and H3K36me3, ensuring the conversion of tissue identity. In addition, consistent with their role in the establishment of root identity, lateral root formation was significantly reduced in the jmj30-2xatxr2-1 double mutant ( Figure S8 ). Overall, JMJ30 and ATXR2 are core chromatin modifiers that massively regulate root identity and are responsible for epigenetic reprogramming underlying cell fate changes into root primordium-like callus tissues.
JMJ30 as a key signaling hub between various biological processes
The Arabidopsis JMJ30 protein is known to have broad substrate selectivity. Global accumulation of H3K27me3 is primarily regulated by JMJ30 (Gan et al., 2014) . In addition, H3K36me2/me3 marks are also locally regulated (Yan et al., 2014) . In this study, we demonstrate that the accumulation of H3K9me3, especially at the LBD loci, is also regulated by JMJ30, showing yet another example of the versatile range of activities in genome structure organization.
Consistent with a diverse range of functional activities, JMJ30 is involved in various physiological processes in Arabidopsis. The evening-expressed JMJ30/JMJD5 gene forms a feedback loop with CCA1 and LHY, which repress the JMJ30 gene by binding directly to the promoter, and regulates circadian oscillation (Lu et al., 2011) . jmj30-deficient mutants display circadian disruption with a short circadian period (Lu et al., 2011) . These findings raise the possibility that JMJ30 may link circadian clock activity to cellular reprogramming. Of note, recent studies have supported the idea that circadian networks underlie callus formation (Lee et al., 2016) . Core clock and clock-associated genes are differentially expressed in calli compared with leaf tissues (Lee et al., 2016) . Furthermore, a core clock mutant, toc1-3, exhibits reduced callus formation (Lee et al., 2016) .
The JMJ30 protein is also involved in temperature sensing and signaling, contributing to proper floral transition (Gan et al., 2014) . Temperature and light are major environmental signals that affect flowering time, and the environmental signals are integrated into the transcriptional regulation of FLOWERING LOCUS T (FT) and FLC. On the one hand H3K36me2 demethylase JMJ30, together with a MYB transcription factor EARLY FLOWERING MYB PRO-TEIN (EFM), specifically demethylates the active mark H3K36me2 at FT (Gan et al., 2014) . On the other hand, JMJ30 also directly binds to the FLC promoter and removes the repressive H3K27me3 mark (Gan et al., 2014) . At elevated temperatures, levels of JMJ30 protein increase, and thus FLC expression is upregulated to prevent extreme precocious flowering (Gan et al., 2014) . Consistent with its roles in temperature signaling, possible connections between ambient temperature signaling and cellular dedifferentiation can be established by JMJ30. High temperatures are known to activate auxin biosynthesis and signaling (Sun et al., 2012) , which may be associated with callus formation capability.
Collectively, JMJ30 acts as a molecular hub for diverse physiological processes. This protein integrates diverse input signals and regulates multiple downstream events to properly organize plant growth and development. In particular, a variety of physiological processes would be linked with cellular reprogramming, and JMJ30 may play a central role in this signaling linkage. This study advances understanding of the comprehensive signaling networks underlying the remarkable capacity for cellular reprogramming in plants.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Plants were grown under long-day (LD) conditions (16-h light/8-h dark cycles) with white fluorescent light (120 lmol photons m À2 sec
À1
) at 22-23°C. The arf7-1arf19-2, jmj30-2, jmj32-1, 35S: JMJ30-HA and pJMJ30:JMJ30-HA/jmj30-2 plants have been previously described (Okushima et al., 2007; Jones and Harmer, 2011; Gan et al., 2014) . All Arabidopsis plants used in this study were in a Col-0 ecotype background.
For callus induction, leaf explants of 2-week-old plants were incubated on CIM [B5 medium supplemented with 0.5 lg ml À1 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.05 lg ml
À1 kinetin] at 25°C in the dark for 2 weeks.
Quantitative real-time RT-PCR analysis
Total RNA was extracted using TRI reagent (TAKARA Bio, http:// www.takara-bio.com/) according to the manufacturer's recommendations. Reverse transcription (RT) was performed using Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase (Doctor Protein, http://mgmed810.wixsite.com/doctorprotein/-) with oligo(dT18) to synthesize first-strand cDNA from 2 lg of total RNA. The cDNAs were diluted to 50 ll with TE buffer, and 1 ll of diluted cDNA was used for PCR amplification.
Quantitative RT-PCR reactions were performed using the StepOne Plus Real-Time PCR System (Applied Biosystems, http:// www.appliedbiosystems.com/) and SYBR green (Enzynomics, http://www.enzynomics.com/). The PCR primers used are listed in Table S1 . The gene expression values were normalized relative to the EUKARYOTIC TRANSLATION INITIATION FACTOR 4A1 (eIF4A) gene (At3g13920). All RT-qPCR reactions were performed in biological triplicates using total RNA samples extracted from three independent replicate samples.
Chromatin immunoprecipitation
Epitope-tagged transgenic plants, anti-HA (ab9110; Abcam, http:// www.abcam.com/), anti-H3K9me3 (07-442; Millipore, http://www. merckmillipore.com/), anti-H3K27me3 (C36B11; Cell Signaling Technology, https://www.cellsignal.com/), anti-H3K36me3 (ab9050; Abcam) and salmon sperm DNA/protein A agarose beads (Millipore) were used. DNA was fragmented to an average size of about 500 bp by sonication. DNA was extracted using phenol/chloroform/isoamyl alcohol and sodium acetate (pH 5.2). We quantified the precipitated DNA with quantitative real-time PCR. All PCR reactions were performed with specific primer sets (Table S2 ). The values for control plants were set to 1 after normalization against eIF4A.
Yeast two-hybrid (Y2H) assays
Yeast two-hybrid assays were carried out based on the BD Matchmaker system (Clontech, https://www.clontech.com/). The JMJ30 and ATXR2 cDNAs were cloned into the pGADT7 and pGBKT7 vectors, respectively. The expression constructs were then cotransformed into yeast AH109 cells harboring the LacZ and His reporter genes. Physical interactions of proteins were analyzed by monitoring cell growth on SD/-Leu/-Trp (-LW) and -LWHA selective media.
Preparation of Arabidopsis protoplasts
Leaves from 4-week-old plants were cut into 0.5-mm pieces using a fresh razor blade. At least 15 leaves were digested in 15 ml of enzyme solution [0.8% cellulase (Yakult, http://www.yakult.co.jp), 0.2% macerozyme (Yakult), 0.4 M mannitol, 10 mM CaCl 2 , 20 mM KCl, 0.1% bovine serum albumin and 20 mM 2-(N-morpholine)-ethanesulfonic acid (MES; pH 5.7)], vacuumed for 20 min and incubated in the dark for 6 h at 22°C. Protoplasts were then passed through 40-lm stainless mesh and collected with W5 media (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 2 mM MES and 5 mM glucose adjusted to pH 5.7 with KOH).
Bimolecular fluorescence complementation assays
The JMJ30 and ATXR2 genes were fused to the 5 0 end of nEYFP-coding region in the pSATN-cEYFP-C1 vector (E3081). The ARF7, ARF19 and JMJ30 cDNA sequences were fused to the 5 0 end of the cEYFP-coding region in the pSATN-nEYFP-C1 vector (E3082). Expression constructs were co-transfected to Arabidopsis protoplasts. Expression of the fusion constructs was monitored by a Zeiss LSM510 confocal microscope (Carl Zeiss, http:// www.zeiss.com/).
Transient expression assays
The reporter plasmid carries a minimal 35S promoter sequence and the uidA reporter gene. The cis-elements on the LBD promoters targeted by JMJ30 were cloned into the reporter plasmid. In parallel, JMJ30 cDNA was used to construct the effector plasmid containing the CaMV 35S promoter. The recombinant DNAs were co-transfected to Arabidopsis protoplasts by PEG methods. We normalized GUS activities by co-transforming a CaMV 35S promoter-Luc construct as an internal control. The Luc assay was performed using the Luciferase Assay System kit (Promega, http:// www.promega.com/). numbers: ARF7 (AT5G20730), ARF19 (AT1G19220), ARR1 (AT3G16857), BBM (AT5G17430), LBD10 (AT2G23660), LBD16 (AT2G42430), LBD17 (AT2G42440), LBD18 (AT2G45420), LBD20 (AT3G03760), LBD29 (AT3G58190), LEC1 (AT1G21970), RKD1 (AT1G18790), RKD2 (AT1G74480) and WIND1 (AT1G78080).
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